This paper presents a low-actuation-voltage micro-electromechanical system (MEMS) capacitive shunt switch which has a very large bandwidth (4 GHz to 24 GHz). In this work, the isolation of MEMS switch is improved by adding two short high impedance transmission lines at the beginning and end of a coplanar waveguide (CPW). Simulating the switch demonstrates that a return loss (S11) is less than -26 dB for the entire frequency band, and perfect matching at 20 GHz in upstate position. A ramp dual pulse driver is also designed for reducing the capacitive charge injection for considering the reliability of the switch. The simulation results show that the shifting of voltage due to the capacitive charge is reduced by more than 35% of the initial value. Finally, the dynamic behavior of the MEMS switch is simulated by modal analysis and using CoventorWare to calculate the natural frequencies of the switch and its mode shapes. The switching ON and OFF time are 4.48 and 2.43 µs, respectively, with an actuation voltage of less than 15 V.
INTRODUCTION
The advancement of micro/nano electro mechanical systems (MEMS/NEMS) has enabled integration of MEMS switches and electronic devices on the same substrate in order to serve for low power consumption, high electrical isolation and ultra wide frequency band applications [1] [2] [3] [4] .
Radio frequency (RF) MEMS switches are categorized into four groups based on their types of actuation: piezoelectric, electrothermal, electro-magnetic and electrostatic. The piezoelectric switch uses piezo materials such as AlN or PZT between two electrodes of beam or membrane [5] . The electro-thermal switch bonds material with different expansion coefficients to their beam [2, 6] . The electro-magnetic switch uses electro-magnetic force (EM). This force is created by applying a current element with in the magnetic field through the coil on top of the membrane. There is a very interesting EM RF MEMS switch proposed by Cho et al. [7] with an actuation voltage of 3V and a very high isolation bandwidth (-54 and -36 dB at 2 and 20 GHz respectively). The gap between transmission line and beam is 10µm. The fourth group is electrostatic (ES) switch. This type of switch is the most popular switch compared to other types of switches from the standpoints of fabrication, switching time, reliability and frequency bands. However, unlike the other types of switches which have the actuation voltage less than 15V, ES RF MEMS switches have a very high actuation voltage (>50V) [8] .
Over the past decade, many researchers have demonstrated modular approaches to reduce the actuation voltage of electrostatic RF MEMS switches to be able to integrate them with electronic devices. Different methods have been used for reducing the actuation voltage of RF MEMS electrostatic MEMS switch. The first method for reducing the actuation voltage is to increase the electrostatic force. This can be done by using three states switches (ON, OFF and neutral) [9] . This type of switch consists of a beam which is anchored to a pillar at the middle while both ends are free. It also uses two separate voltage sources to provide negative and positive voltages. While voltages are applied to either of the electrodes, large positive deflection is then noticed on one side and smaller negative deflection with a large contact area is obtained on the other side. However, there are some issues with this method. Firstly, it uses the RIE etching instead of the wet etching, and also requires more fabrication steps than the normal MEMS switches for patterning pillars. Moreover, it requires two voltage sources which increase the power loss. The second method for increasing the force is a comb switch. It uses a comb driver which consists of stationary and movable fingers to provide a large electrostatic force. However, most of the reported RF MEMS comb switches have a DC contact and less capacitive contact. These are due to the deposition of dielectric on the side walls which limits the ON and OFF capacitance ratio. Moreover, the switching time for this type of switches is high due to the bulky and heavy comb drivers [10, 11] . The second method for reducing the actuation voltage is to reduce the spring constant. This can be achieved by movable membrane and transmission line [12] , or low spring constant. Although these techniques reduce the actuation voltage, they negatively affect the switching time [13] . The third method for reducing the actuation voltage is to use carbon nanotube (CNT) materials such as single wall carbon nanotube arrays for membrane [14, 15] , multi wall carbon nanotube [16] or graphene [17, 18] instead of metal alloys. These types of switches are called RF NEMS carbon based switches [19] and have a very low actuation voltage due to the effect of van deer Waals force. The switching time of these switches is very low (ns) [20] , but their fabrication process is extremely hard. There are only a few reports on RF parameters of NEMS switches.
The aim of this research work is to design a low ES actuation voltage (less than 15V) and also a very high isolation multipurpose switch with a very large bandwidth to cover the hiperlan mobile frequency till RF receivers of satellite communication. This method of design provides two main advantages compared to other methods: Firstly, it does not affect mechanical parameters of the switch such as switching time or spring constant. Secondly, it uses convenient fabrication processes which are used for MEMS switches such as soft lithography, wet etching and sputtering. It does not have any additional lithography process. We also propose a convenient electrical model for further analyzing the whole circuit. The validity of the electrical model is verified by simulation and analytical calculation.
PARAMETERS of MEMS SWITCHES
Any RF MEMS capacitive shunt switch consists of two essential parts: a transmission line and a bridge. The transmission line is a Coplanar Waveguide (CPW) or a microstrip line for transferring the signal from the input to the output of the switch. The bridge can be a fixed-fixed or a cantilever which are anchored to the ground. The performance of the switch depends on their RF parameters, mechanical parameters and reliability of the switch.
RF Parameters
The validity of the RF parameters of the switch is verified by the scattering parameters in the desired frequency band by the simulation or analysis of the electrical circuit model. The value of the lumped elements of the electrical model can be calculated through the physical structure of the switch or determined from the scattering parameter at the convenient frequencies. The parasitic element of the model cannot be easily neglected because the frequency band is extra wide (4-24GHz). The performance of the MEMS switches strongly depends on the ratio of capacitance at up and down state. At the up state position while the parallel switch is ON, the switch should be matched with input and output. The values of S11 equals or less than -10 dB providing acceptable matching at the input in the up-state position (Eq. (1)), and while the switch is OFF (down state), signal should not be transferred from the input to the output (S21≤ -10 dB) (Eq. (2)).
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Another parameter which affects the RF performances of MEMS switches is the resistivity of material owing to the effect of the skin depth on the transmission line and the bridge. The thickness of the gold transmission line (TL) and bridge should be more than 2 µm and between 0.5-1 µm respectively.
Mechanical Parameters
The mechanical behavior of MEMS switches depends on the mode shapes and the frequencies of each mode. Modal analysis is used to predict the mode shapes and natural frequencies of each mode. This paper investigates a type of clamped-clamped beam. The dynamic model and natural frequency of MEMS switch for a fixed-fixed beam are given below. More information is provided in ref. [21] [22] [23] .
(3) where Ai, B, Ci, and Di are calculated through the boundary conditions for a fixed-fixed beam and an is the frequency. The boundary condition for fixed-fixed MEMS switch is:
Therefore, the characteristic equation and natural frequency are:
The switching times of MEMS switches is limited by the mechanical structure, and it is likely to keep the resonant frequency of MEMS switches less than the first natural frequency of MEMS switch. Although a high natural frequency may also lead to an increased switch-on time, the shape mode of the beam is not useful for RF MEMS switches. The relation between the switching time and the natural frequency of MEMS switch is given as bellow [24] .
The relation between gap and voltage source is shown in Figure 1 . Increasing the actuation voltage (Vpull-in) makes instability and causes the upper electrode to snap down at Vpull-in. Electrostatic force relies on a voltage source and a capacitor between the TL and the membrane (Eq. (8)). The membrane still in down state until Vpull-out due to the wan deer Waals force. The upper electrode is released at the pull out voltage because of the elastic force (Eq. (9)) [25] [26] [27] . 
Reliability
The dielectric charging is the main failure mechanism in the lifetime of the electrostatically actuated capacitive RF MEMS switches. Due to the high actuation voltage required to actuate the switch, the electric filed across the dielectric can be higher than 10 8 V/m. This causes the charges to tunnel from the top and the bottom electrodes into the dielectric. With repeated ON-OFF cycles, charges gradually build up in the dielectric, which shifts the pull-in and pull-out voltages (Figure 1 ) [28] [29] [30] [31] [32] . The amount of the shifting voltage is given in Eq. (10) .
where h is the distance between the bottom electrode and trapped charge sheet of density Q, q is electron charge and ε0εr is the permittivity of dielectric. This phenomenon becomes very critical at low actuation voltage because it shifts Vpull-in and Vpull-out. This will cause the membrane to actuate by itself without any actuation voltage, or stuck the membrane at down state. In our previous work a new types of voltage driver was introduced to reduce the capacitive charge of MEMS capacitive switches. The ramp dual-pulse (RDP) actuation voltage increases with constant slope at the beginning of the ON period (Figure 2 ) instead of the pulse [33] . However, this will have a negative impact on the switching time of MEMS switches.
PROPOSED RF MEMS SWITCH
The structure of MEMS switch is given in Figure 3 . It consists of CPW that include GaAs and 2 µm thick Au for providing a minimum insertion loss. Also, the bridge is a low spring constant folded flexure dual fixed with 0.7 µm thickness of gold. The top view and cross section of RF MEMS switch is shown in Figure 3. 
RF Parameters

Design and Simulation of RF MEMS Switch for 4-24 GHz
The first step is to calculate the effective area between the 50Ω CPW (W=80 µm and G=60 µm) and a bridge. According to Eq. (1), the Cu should be less than 83 fF at 24 GHz. The parameters and values of the MEMS switch are given in Table I by using Eq. (11) and details in references [34, 35] . 
Improving Isolation of MEMS Switch
According to the previous discussion the most effective way for improving the isolation is to increase the gap or reduce the up state capacitance between transmission line and bridge. However, this increases the actuation voltage of MEMS switch. In this design we increase the isolation by providing a perfect matching between input and output. T matching is one effective method for cancelling the capacitance behavior of MEMS switch in order to make a resonant frequency at the entire frequency band.
The T match circuit consists of two transmission line (50 and 100 ohm). The 50 Ω transmission line is used for MEMS switch which we discussed earlier and high impedance transmission line for matching (L). The electrical circuit of switch at up state is shown in Figure 5 . The length of short high impedance transmission line (SHITL) for Zh=100 Ω can be calculated by Eq. (12) .
where Z0=50 Ω, Zh=100 Ω, Cu=0.11 pF, f=10 GHz. Two values are found for l but due to the variation of the phase shift along the (a) (b) (c) Figure 4. (a) A 50 Ω CPW, W is the wide of signal line and G and S21 for up and down states for both physical structure and electrical lumped model with EM3DS and Genesys. transmission line, the shorter value is selected because it makes the circuit less sensitive to frequency band (l=230 µm). The scattering parameters show that this switch provides a very high isolation S11 less than -20 dB for the frequency of up to 24 GHz. Furthermore, there is a desirable matching at 20 GHz for S11 less than -32 dB. Also, the S11 and S21 down-state position for the switch are desirable for the frequency more than 4 GHz. The electrical circuit at up state is shown in Figure 5 . The value of intrinsic CTL and LTL of high impedance transmission line is given in Eq. (13) and Eq. (14) (20 fF and 0.2 nH):
Cu for this MEMS switch consists of 2CTL and Cbridge at up state. The value of electrical model of MEMS switch at up and down state is given in Figure 5 
Mechanical Parameters
The actuation voltage should be less than 15 volts; therefore the spring constant should be close to 24 N/m (Eq. (8)). The spring constant of the folded flexure MEMS switch is given in Eq. (15) .
where E is Young's modulus (80 GPa), t is the thickness (0.7 µm), w is the width of truss 5 µm and l is 22.5 µm. As discussed, the beam has an infinite number of modes and it is very important to load the beam in the associated mode. The first three natural frequencies for this beam are simulated by CoventorWare and shown in Figure 6 . As can be seen, the direction of the movement for the first resonant is suitable for the RF MEMS switch 
Reliability
Ramp dual-pulse is the method to enhance the lifetime of the switch. For this particular switch, the simulation result shows the comparison of actuation-voltage shift between a 100 Hz square actuation signal and a 100 Hz RDP actuation signal with equal duty cycles (Figure 2(a) ). Figure 7 shows the compare the shifted C/V curve by square and RDP waveform. It is seen that the actuation voltage shifts is reduced from 2.6 to 1.3V. Displacement is usually discussed in terms of some functions, such as time. This variable can be obtained using numerical integration from equations motion [36] . Figure 7c compare the time-domain response for the proposed switch under applied voltages which is gained by Mathematica and results are agrees well with CoventorWare. Square and RDP switching times are approximately 8.75 µs and 9.2 µs, respectively. In square waveforms, maximum voltage occurs immediately, whereas the RDP waveform gradually increases the actuation voltage, therefore the membrane reaches the contact later than the square waveform.
CONCLUSIONS
This paper explained in details how to design a low ES actuationvoltage MEMS switch for C-K band. Two short high impedance transmission lines were designed and included at both ends of the transmission line in order to improve the matching at the entire frequency band at the up-state. Simulations are carried out using ElectroMagnetic 3D Simulator (EM3DS) and CoventorWare to calculate the electrical and mechanical parameters. Return loss and isolation are better than 26 dB and 20 dB at both up and down states respectively. The calculated pull-in voltage was almost 15 V and the mechanical resonant frequency equaled 52 kHz. Moreover, the major problem on reliability of MEMS switches is due to the shifting voltage because of the accumulation of trapped charges on the dielectric. This failure is improved by applying a type of driver which generates a ramp dual-pulse. This driver can be easily implemented by electronic devices.
